Oriented Conjugates of Single-domain Antibodies and Fluorescent Quantum Dots for Highly Sensitive Detection of Tumor-associated Biomarkers in Cells and Tissues  by Bilan, Regina et al.
  Physics Procedia  73 ( 2015 )  228 – 234 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)
doi: 10.1016/j.phpro.2015.09.162 
ScienceDirect
4th
O
R
aN
cL
Abst
Our 
fluor
tumo
confo
deve
© 20
Peer-
Keyw
1
Q
more
narro
 
* C
E
 Internatio
riented
quantum
egina Bila
ational Researc
bInserm U10
aboratoire de Re
ract
recent results 
escent quantum
r-associated bi
cal microscop
lopments in thi
15 The Author
review under r
ords: quantum d
. Introductio
uantum dots 
 photostable
w, symmetri
 
orresponding aut
-mail address: al
nal Confere
 conjug
 dots fo
na, Kristina
h Nuclear Unive
68 and CNRS UM
cherche en Nano
in the field of 
 dots are sum
omarkers on c
y. The results a
s field. 
s. Published by
esponsibility o
ots (QDs); cance
n
(QDs) are h
 and 20 time
cal emission 
hor. Tel.: +33 62
yona.sukhanova@
nce Photon
ates of s
r highly
biomar
 Brazhnik
A
rsity MEPhI (Mo
R7258, CRCM,
sciences, LRN-E
engineering an
marized. Thes
ells and tissu
re discussed in
 Elsevier B.V. 
f the National R
r markers; single
ighly fluoresc
s brighter tha
spectra and b
5-683-663; fax: 3
univ-reims.fr (D
ics and Info
ingle-do
 sensitiv
kers in c
a, Patrick C
lyona Su
scow Engineerin
Fede
 Institut Paoli-Ca
A4682, Universi
Fra
d application 
e novel conjug
e specimens d
 terms of the m
esearch Nucle
-domain antibodi
ent colloidal
n organic dy
road excitatio
3-326-918-127. 
r. Alyona Sukha
rmation O
main an
e detect
ells and
hamesb, D
khanovaa,c
g Physics Institu
ration
lmettes and Uni
té de Reims Cham
nce
of highly orie
ates proved to
etectable by m
ost promising 
ar University M
es (sdAbs); bioco
 semiconduct
es (Chan an
n spectra, wh
nova) or igor.na
ptics, PhIO
tibodies
ion of tu
 tissues 
aniel Bat
* 
te), 31 Kashirsko
versité Aix-Marse
pagne-Ardenne
nted conjugate
 be excellent n
eans of flow 
future applicati
EPhI (Moscow
njugates. 
or nanocrysta
d Nie (1998)
ich allows na
biev@gmail.com
 2015, 28-3
 and flu
mor-as
yb, Igor Na
e shosse, 115409
ille, 13009 Mars
, 51 rue Cognacq
s of single-dom
anoprobes for
cytometry or 
ons of these co
 Engineering P
ls that are th
). QDs exhib
nocrystals of 
 (Prof. Igor Nabi
0 January 2
orescen
sociated
bieva,c*, an
 Moscow, Russia
eille, France  
 Jay, 51100 Reim
ain antibodie
 immunolabeli
one- or two-p
njugates and fu
hysics Institut
ousands of t
it size-depen
different colo
ev) 
015 
t 
 
d 
n
s,
s and 
ng of 
hoton 
rther 
e). 
imes 
dent, 
rs to 
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)
 Regina Bilan et al. /  Physics Procedia  73 ( 2015 )  228 – 234 229
be excited from a single light source. Due to their superior properties, QDs are a promising fluorophores for 
development of diagnostic labels based on conjugates of QDs with capture biomolecules, which may be used for 
simultaneous multiplexed labeling (Zrazhevskiy and Gao (2013)) and ultrasensitive detection of specific biological 
targets (Liu et al. (2010)). 
 
Nomenclature 
Abs antibodies 
CEA carcinoembryonic antigen 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
HER2 human epidermal growth factor receptor 2 
PMPI p-maleimidophenyl isocyanate 
QDs quantum dots  
SMCC succinimidyl trans-4-(maleimidylmethyl)cyclohexane-1-carboxylate 
SdAbs single-domain antibodies 
 
In clinic, the development of new methods for more sensitive detection of tumor-associated biomarkers is one of 
cutting-edge lines of research. For this reason, special attention is paid to novel diagnostic probes with high 
specificity and sensitivity for cancer biomarkers that could be used for detection, imaging, and medical diagnostics. 
For target detection, QDs are conjugated with capture molecules, such as antibodies (Abs) (Montenegro et al. 
(2013) ; peptides (Chen et al. (2014)), proteins (Ag et al. (2014)), and oligonucleotides (Zhang et al. (2013)). IgG 
Abs conjugated to QDs have been successfully used for immunofluorescent labeling of cell-surface receptors in cell 
suspensions and tissues (Yang et al. (2011); Rizvi et al. (2014)). However, a comparatively large size of the 
conjugates may result in poor penetration into tissues and impede access to the epitopes. Some smaller Ab fragments 
retaining the functional activity of full-size Abs have been conjugated to QDs in order to produce a probe with 
smaller sizes (Mahmoud et al. (2011); Sukhanova et al. (2011)). Single-domain Abs (sdAbs), also referred to as 
nanobodies, are the smallest known antigen-recognizing molecules. They are derived from llama heavy-chain Abs. 
SdAbs are about 12 times smaller than full-size Abs, while preserving about the same affinity for antigens (Fig. 1B). 
We have developed (Sukhanova et al. (2012a)) and described in detail (Sukhanova et al. (2012b)) a protocol for 
conjugation of sdAbs with QDs in a highly oriented manner, resulting in very bright and compact conjugates, with 
all antigen-binding sites oriented towards the outside of the conjugate. The resultant diagnostic probes have been 
used for highly sensitive detection of tumor-associated antigens on the cell surface. 
 
2. Materials and methods 
2.1 Preparation of water-soluble quantum dots 
QDs were synthesized as described in (Wargnier et al. (2004)), their surface properties were analyzed using an 
FTIR-8400S Fourier transform infrared spectrophotometer (Shimadzu). Then, the QDs were solubilized and 
stabilized in aqueous buffer solutions as described in (Sukhanova et al. (2012); Stsiapura et al. (2006)). Briefly, at 
the first stage, the QD surface was modified with DL-cysteine. At the next stage, the surface was modified with 
polyethylene glycol derivatives containing terminal thiol, hydroxyl, or amino groups. As a result, stable water-
soluble populations of QDs with different surface compositions were obtained. 
2.2 Preparation of conjugates containing quantum dots and partly reduced antibody fragments 
Conjugates of quantum dots and full-size Ab fragments were prepared as described in (Mahmoud et al. (2011)). 
Full-size Abs were partly reduced using 2-mercaptoethanol-amine-HCl or low concentrations of dithiothreitol, 
which resulted in a high yield of functionally active 75-kDa fragments. Then, the fragments were conjugated with 
QDs using the succinimidyl trans-4-(maleimidylmethyl)cyclohexane-1-carboxylate crosslinker (SMCC) in an 
oriented manner to ensure functional activity of the conjugates. Briefly, QDs were activated with SMCC for 1 h; 
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3.  Results and discussion 
3.1 Preparation of conjugates of quantum dots with antibodies 
A number of effective approaches have been proposed to bind the Ab molecules to the QD surface (Bilan et al. 
(2015)). The methods include covalent coupling and electrostatic interactions; highly specific interactions (such as 
between biotin and streptavidin) have proved to be effective. 
The most widely used method of covalent conjugation is based on carbodiimide-mediated coupling of primary 
amines to activated carboxylic acid groups. The water-soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) is used to activate carboxylic groups, generating a reactive intermediate that rapidly interacts with amines to 
form covalent amide bonds. Since the Ab molecule contains at least one amine and one carboxylic group, the 
method can be easily applied to almost any Ab without its preliminary chemical modifications. The conjugation 
proceeds randomly, which may result in undesirable cross-linking and reduction of the functional activity of the 
Abs. Hence, accurate selection of optimal conjugation parameters is required to produce the most biologically active 
product (East et al. (2011)). 
Another approach to covalent conjugation, which is employed in a commercially available conjugation kit 
(Invitrogen), is based on reduction of disulfide bonds in full-size Abs (with a molecular weight of 150 kDa) using 
dithiothreitol, which results in three types of fragments with different molecular weights: light chain (25 kDa), 
heavy chain (50 kDa), and partially cleaved heavy–light chain (75 kDa) fragments, with only the 75-kDa heavy–
light chain fragments retaining the functional activity, because they have intact antigen binding sites. The mixture of 
fragments was covalently attached to the QDs surface, resulting in conjugates with a functional activity strongly 
limited by the number of active heavy–light chain fragments in a nanoprobe. Indeed, the number of functional Abs 
in the commercial QD–Ab conjugates prepared according to this approach turned out to be as low as 0.076 ± 0.014 
Abs/QD (Pathak et al. (2007)). In our previous study (Mahmoud et al. (2011)), we have improved the procedure for 
partial reduction of Abs, which allows the disulfide bonds between heavy and light chains to remain intact, while the 
disulfide bonds between heavy chains are reduced, resulting in a high yield of functionally active 75-kDa fragments. 
These active fragments were conjugated to the QDs in an oriented manner, with a preserved functional activity of 
the conjugate. The prepared conjugate was found to be 26 times more sensitive than the conjugate prepared from the 
Abs reduced according to the standard protocol. 
Oriented conjugation of Abs with nanoparticles is known to improve the specificity of the resultant probe in 
comparison to random conjugation using carbodiimide chemistry (Puertas et al. (2011)). In our previous studies, we 
developed oriented conjugates of QDs and sdAbs, the smallest possible naturally occurring antigen-binding 
fragments known, with a molecular weight of about 13 kDa. Due to their compact size, sdAbs diffuse in tissues 
much better than full-size Abs and may bind sterically hindered epitopes, such as cavities (Perruchini et al. (2009)). 
Having the same affinity and about the same variability as full-size Abs, sdAbs exhibit a low immunogenicity, as 
well as better stability and capability of refolding after denaturation, which makes these Abs promising components 
for the development of specific fluorescently labeled probes. 
In our study, sdAbs were modified with an additional cysteine residue specifically integrated into the C-terminal 
end of the sdAb amino acid sequence, far away from the antigen-binding site. SdAbs were covalently conjugated to 
QDs through the SH group of the cysteine residue, which resulted in highly oriented conjugates, with all antigen-
binding sites oriented to the outside of the probe (Sukhanova et al. (2012a)) (Fig. 1B). The resultant compact probes 
had a hydrodynamic diameter below 12 nm and contained four molecules of sdAbs on the surface of each QD. The 
conjugates turned to be promising probes for immunolabeling of several biomarkers in cells and tissue specimens. 
3.2 Conjugates of single-domain antibodies and quantum dots for ultrasensitive detection of tumor-associated 
biomarkers 
In a series of our studies, we used oriented sdAb–QD conjugates for detection cell-surface cancer biomarkers in 
live cells and tissue specimens. We have demonstrated that the sdAb–QD conjugates can specifically bind CEA, cell 
surface receptor expressed by many types human tumor cells. The conjugates proved to be good candidates for 
immunohistochemical analysis of thick tissues: sdAbs–QD stained CEA in a more delicate manner than full-size 
Abs and lead to biopsy tissue labeling of an equivalent or even better quality than that obtained with “gold standard” 
immunohistochemical labeling of tissue sections with diaminobenzidine (Sukhanova et al. (2012a)). 
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the tissues, which allow the detection of sdAb–QD conjugates more than three times deeper in tissue sections (26 
μm) than it is possible using single-photon excitation (8 μm). Thus, sdAb–QD conjugates have proved to be a 
superior alternative to conjugates of conventional organic dyes in their application to imaging biomarkers in 
biological fluids and tissue sections displaying intense autofluorescence. We suppose that the conjugates developed 
are useful for detecting low concentrations of antigens and for tracking cells deep within tissues by means of 
multiphoton microscopy. Table 1 summarizes the most interesting prospects for future applications and further 
development of the conjugates described. 
Table 1. Prospects for future applications and further developments of the sdAb–QD conjugates. 
In vitro applications In vivo applications Bioanalytical assays Combined imaging 
techniques 
Membrane receptor labeling Tumor detection and 
diagnostics 
Fluorescent staining in ELISA 
Planar microarrays 
Epifluorescent, single- and 
miltiphoton microscopies 
Intracellular labeling Single-cell tracking Suspension microarrays Fluorescence lifetime imaging 
microscopy 
Single molecule tracking Photodynamic therapy Cell sorting Ultrahigh-resolution imaging 
 
4. Conclusions 
Compact highly oriented sdAb–QD conjugates is a superior alternative to conjugates of conventional organic 
dyes traditionally used as diagnostic probes and to commercially available conjugates of QDs with conventional 
full-size Abs. These novel nanoprobes have proved to be particularly efficient for detection of the cell-surface 
cancer biomarkers CEA and HER2 both on live cells and on fixed tissue specimens. Due to unique spectral 
properties of QDs in combination with high specificity of compact sdAbs, it is possible to detect small quantities of 
CEA-positive cells in a mixture with CEA-negative cells by means of flow cytometry. Immunohistochemical 
staining of thick tissues with sdAb–QD probes display the same or even better quality than that obtained with the 
“gold standard” immunohistochemical labeling used in clinical analysis. Since QDs are characterized by the highest 
values of two-photon absorption cross-sections, promising prospects are opened for sdAb–QD applications in 
multiphoton microscopy for deep tissue imaging and highly sensitive detection of low concentrations of antigens. 
We believe that the approach described here will be a great stride towards highly sensitive multiplexed detection of 
numerous of biomarkers for precise clinical analysis. 
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